INTRODUCTION
Conventionally, evaluations of safety against fatigue of structures have been made based on S-N diagrams obtained in fatigue tests of structural members and specimens of joint portions. Current fatigue designs of bridges also are made using allowable stresses set up taking into account suitable safety factors on fatigue limits (in most cases 2 x 106-cycles strength) obtained from such fatigue tests'.
Such a method is direct, and reliability is assured to some extent. However, even though structural members and joints themselves are tested, the configurations and dimensions of specimens are subject to considerable restrictions because of limitations to capabilities of testing machines, and thorough care must be exercised in the application of the results.
Fatigue failure is a phenomenon which can be subdivided into initiation of fatigue crack and propagation of the crack up to failure of the member. Initiation of fatigue crack is a localized phenomenon which occurs at a location in the member where stress conditions are unfavorable, and the life up to that time (crack initiation life: N0) is greatly influenced by localized stress concentrations and weld defects in the member. In contrast, the life up to failure of the member upon propagation of fatigue crack (crack propagation life: Np) varies depending on the dimensions of the member and overall stress distribution. In case of being subject to variable stresses fluctuations such as actual stresses by vehicle, it is possible to estimate Nc applying the linear damage law, but the application is difficult for Np2.
Accordingly, it is thought that fatigue safety of a structure should be evaluated distinguishing between N0 and N.
Various definitions may be given Nc depending on the dimensions of the fatigue crack used as the basis, but it is practical to define Nc as the number of cycles of stressing until occurrence of a macroscopic fatigue crack of dimensions of the degree that it could be taken up as a subject in fracture mechanics. This is thought to correspond to the time when the propagation mechanism of fatigue cracking has entered its second stage3 . The fatigue crack propagation life can be estimated by fracture mechanics techniques using the stress intensity factor and the fatigue crack growth rate, and applications to various joint portions have been attempted4-8. In such cases, it is necessary to assume the configurations and dimensions of the initial crack, the configurations of cracks during propagation, and the final configurations and dimensions of cracks, and therefore, having a grasp of the initiation of fatigue crack at actual joint portions and subsequent conditions of propagation will be most fundamental for application of fracture mechanics.
In the present study, examinations are made of partially-penetrated single-bevel groove joints used for corner welds of box-section truss members.
The authors have already clarified the great influence of residual welding stress on the fatigue strength of a joint, and that fatigue crack is initiated with the portion of irregularity at the root of the weld as the starting point9. However, the initiation of fatigue crack and the conditions of propagation had not been adequately grasped.
In order to confirm the initiation and propagation of a fatigue crack, (1) the surface of the specimen may be directly inspected with a magnifying glass or microscope, (2) a sample may be collected from the surface of the specimen and inspected by microscope, (3) ultrasonic waves may be employed, (4) marking may be done with welds where fatigue cracks would be initiated to be about the same, stops and restarts were made at locations to be the centers of specimens of all test plates. The root gap of all specimens was 0 mm. The configurations and dimensions of specimens finished from the test plates are as shown in Fig. 1 , these consisting of plate specimens having parallel portions of 100-mm widths and round rod test pieces cut out from welds including root portions (hereafter called largesized specimens and small-sized test pieces, respectively).
(2) Performance of Fatigue Tests Fatigue tests of large-sized specimens and small-sized test pieces were performed using hydraulic survo-controlled fatigue testing machines having dynamic capacities of + 50 tons for the former and + 5 tons for the latter. The load waveform was that of sine waves, and the loading frequency was 10 Hz.
Fatigue tests of large-sized specimens were performed with pulsating loads of minimum stress of approximately 10 N/mm2 and with completely alternating loads.
All small-sized test pieces were subjected to pulsating load fatigue tests of minimum stress of approximately 10 N/mm2.
The fatigue tests performed, besides constant stress range tests, included also two-stage multistress amplitude tests (beach mark tests) where stress range was decreased to one half every certain number of cycles with the purpose of leaving beach marks on fracture surface.
In this study, the number of cycles in large amplitude step and small amplitude step is equal. The number of cycles in one block was 3 x 104 to 1 x 105 cycles. A scaled microscope (lOx46x) was used for measuring sizes of beach marks. The accuracy of measuring was about 0.01 mm.
(3) Measurement of Residual Welding Stress Residual welding stress was obtained by pasting a strain gage on the cross section of the specimen to be measured and measuring the strain relieved when a small piece of 10 mm x 10 mm was cut out with a saw. The gages used were triaxial gages of gage length of 2 mm (KFC-2-D 17-11 : Kyowa Electronic Instruments).
Measurements were made only on specimens for which fatigue tests had been finished. This was because residual welding stresses are sometimes redistributed at the first cycle of fatigue tests and subsequent changes are small, and because it is the residual stress after redistribution which is concerned with fatigue strength9 . The cross sections for measurements of the various specimens were the parallel sections more than 100 mm distant from failure locations9.
RESULTS OF CONSTANT STRESS RANGE FATIGUE TESTS (1) S-N7-Curve Diagram
The results of constant stress range fatigue tests with stress range (S) taken on the ordinate and number of cycles until failure (Nf) on the abscissa, both on logarithmic scale, give the S-N1 diagram of Fig. 2 . The straight line in the diagram was obtained by the method of least squares. There were practically no differences in fatigue strengths between alternating stress conditions and pulsating stress conditions. This was due to high residual tensile stresses existing at welds where fatigue cracks were initiated.
As stated in the previous report9>, there was a large difference between the fatigue strengths of smallsized test pieces and large-sized specimens, and it is clear that reduction in fatigue strength due to the existence or residual welding stress is very great.
(2) Residual Welding Stress Distribution The results of measurements of residual welding stresses are shown in Fig. 3 . These were specimens for which fatigue tests had been finished and the axial-direction residual stresses (0x) were very high tensile stresses at the welds and their vicinities.
The residual stresses (cry) in the direction perpendicular to the axis were very small and were values close to zero at the weld metal.
(3) Penetration Condition of Weld Metal and
Initiation of Fatigue Cracks With the purpose of investigating the relation between the condition of penetration of weld metal at roots of welds and the locations of fatigue crack initiation, all large-sized specimens after fatigue tests were ruptured along weld lines and the fracture planes were observed. Since rupturing was done after thoroughly chilling with liquid nitrogen, plastic deformation was not produced at fracture planes.
Photo 1 is an example of a fracture plane obtained in such manner.
In all of the specimens, the penetration of weld into groove was insufficient, and there are unfused portions of height of 1 to 2 mm in tunnel form left remaining along the entire lengths of the welds.
Judging by studies in the past9",
given
changes of bottom surfaces of welds were large such as in the case of the above, or in the case of initiation from the depressed parts of ripples formed at the surface where the configuration changes were small but acute.
Specimen SB-45 in Photo 1 was ruptured on propagation of a fatigue crack from the stop and restart location, but there were two other places where fatigue cracks were formed. The failures of Specimens SB-44 and SB-46 were caused by fatigue cracks initiated from points other than stop and restart locations, but fatigue cracks formed from stop and restart locations also had reached the surfaces of the specimens. The occurrences of fatigue cracks from stop and restart locations, and the formation of a plural number of fatigue cracks at the parallel portions of specimens are phenomena in common for almost all of the specimens.
RESULTS OF BEACH MARK TESTS
(1) Observation of Beach Marks Photo 2 shows an example of a fracture surface with beach marks, while Fig. 4 indicates stress histories and the results of observations of beach marks of the test specimens. A beach mark, from its formation mechanism, expresses the configuration of fatigue cracking at the time of variation in stress conditions.
The specimen, SB-36, showed fatigue failure during the ninth halving of the stress range. From comparisons of beach marks and stress histories, the beach mark 1 was formed by the first reduction to half of the stress range, and with this specimen, it is clear that the fatigue crack had been initiated and propagation started before the number of cycles sit of stressing (the number of cycles excluding the period of stress range reduced to one half) reached 4x 10" cycles. The beach mark 2 was formed during the second halving of the stress range and this fatigue crack was initiated at nc after 4 x 10' cycles and before 8 x 104 cycles. Therefore, with this specimen fatigue cracks were produced at two locations on the weld metal bottom surface of the weld root which combined to become one crack during the second block stress repetition, which propagated to result in failure. It was immediately before failure that this fatigue crack appeared at the surface of the specimen. With Specimen SB-41, one fatigue crack was formed from the weld metal bottom surface of the weld root. This specimen was subjected to a total of 14 stress blocks from which 11 beach marks were left on the fracture surface. Therefore, this fatigue crack was initiated during the third block. However, because the dimensions of the beach mark 1 are large and the space between 3 and 4 is wide compared with others, it could well be that 2 or 3 beach marks were overlooked, and it is surmised that in the case of this specimen also the fatigue crack was initiated Photo Upon making observations in the same manner as under 3(3), it was found that the irregularities at the bottom surface of weld metal at places such as the stop and restart location were smaller than in other specimens, and it is thought this is the reason of fatigue crack initiation at such a location. Furthermore, this was the only specimen in which fatigue cracks could not be found at other than the fracture surface upon opening up the weld.
In the case of Specimen SB-40, the fillet portion was failured (Fracture Surface 1) at n= 911120 cycles (ne=411120), while later, upon continuing the testing, the parallel portion was failured (Fracture Surface 2) at n=1624800 cycles (ns=814800).
The size of the unfused number of times of stress range halving and the number of beach marks.
In contrast, 11 beach marks were left on Fracture Surface 2, and it is thought the fatigue crack was initiated during the 16th block.
From these test results and the test results of Specimen SB-38, it may be predicted that fatigue strength will be improved if welding is done in a manner to adequately melt the groove. With Test Piece S-6, a fatigue crack was formed from the machined surface of the root face, and a fairly large number of stress repetitions was required until fatigue cracking similarly to the case of Specimen SB-38.
In case of Test Piece S-9, fatigue cracking was initiated from the bottom surface of the weld metal at the unfused portion, and the number of beach marks was one less than the number of blocks.
In Photo 1, the root gaps of Test Pieces S-6 and S-9 are considerably opened, these openings having been formed when the test pieces were failured. Fig. 5 gives the results of beach mark tests with testing stress range indicated on the ordinate and number of cycles of stressing up to failure on the abscissa.
The S-N1 curve obtained from constant stress range fatigue tests is also indicated in this figure. The results of the various beach mark tests are plotted roughly on the S-N1 curve, and it is clear that the influence on the life of halving stress ranges to form beach marks is of a degree that it can be ignored.
The results of Specimens SB-38 and SB-4, and Test Piece S-6, which required a certain degree of repetitions of stressing until fatigue cracks were initiated, are located on the long life side of the S-N.r curve.
Therefore, with most of the large-sized specimens and small-sized test pieces on which constant stress range tests were performed, it is surmised that fatigue cracks were initiated and began to propagate at extremely early stages of stress repetitions similarly to Specimens SB-36, SB-41 and SB-43, and Test Piece S-9.
(2) Propagation of Fatigue Crack Here, as indicated in Fig. 6 , fatigue cracks initiated from bottom surfaces of weld metal of unfused sections were classified as Type I until the fatigue crack length 2b became equal to weld metal bottom surface width w, with those past this point classified as Type II, and the crack depths a and crack lengths b of beach marks on the respective specimens were read. Fig. 7 shows the results plotted taking crack depth a on the abscissa and crack length b on the ordinate, and according to this method of measuring crack dimensions, both Type I and Type II cracks have roughly a = b. Cases of fatigue cracks formed from root faces arranged in the manner of Fig. 6 give similar results.
From the fact that at a circular crack in an infinite plate subjected to tensile force the stress intensity factor along the circumference is constant, even if the crack configurations at the early stages are ununiform due to localized stress concentrations at locations of fatigue crack initiation, it is a predictable trend for cracks to be propagated in a manner to be circular. From this figure, the times at which fatigue cracks appear at the specimen surface (2c/T= 1) are at 90% of the failure life elapsed or later, and therefore, in case of observing formation of a fatigue crack at the surface of a specimen, the life from appearance of the crack until failure will be very short. Further, it is clear that it will be at 80 to 90% of the failure life that the dimensions of a fatigue crack reaches about one half of the plate thickness (2a=8), while approximately 50% of the failure life is spent for the fatigue crack to propagate to diameter of about 3 mm.
In order to calculate the approximate stress intensity factor range (/1K) of the fatigue cracks, it is thought acceptable to use the equation below with Type I cracks considered as semicircular and Type II cracks as circular.
where S: stress range a: crack dimensions T: plate thickness (circular) 1 /2 of plate thickness (semi-circular) In the above equation, /sec(rra/T) is a correction for finite plate thickness.
However, in case of a semi-circular crack, 4 K calculated by the above equation is the value at Point B in Fig. 6 . Fig. 9 is the fatigue crack growth rate (da/dn) calculated from the spacings between beach marks plotted log-log for the stress intensity factor range d K at that time. The d K-da/dn relation obtained for steel of the same class as steel used in the tests here is indicated in the figure. The test values are fairly scattered, and it cannot be said that a linear relation (Paris Law)12> holds true for the date of the each specimen, but as a whole a trend is indicated of the Paris Law being valid. The thick straight line in the diagram was obtained by the method of least squares.
Several relations obtained by other studies136
were also shown in the diagram. It is seen from the test values that there is a tendency for the fatigue crack growth rate to be faster than the existing 4 K-da/dn equation. This may be considered as the influence of residual tensile stress, and the causes may be said to be that the test values here are mainly of crack propagation at the weld metal, and that stress intensity factors are calculated with fatigue cracks of complex configurations considered as semi-circular or circular.
Of the test values given in Fig. 9 , those for Specimens SB-36 and SB-41 were from fatigue tests with pulsating stresses (R = 0), while the others were with alternating stresses (R = -1) . However, in the d K-da/dn relationship of Fig. 9 , differences due to these stress ratios are not perceptable.
This also is an effect of residual welding stress. Therefore, the reason that the test results for R= -1 were for slightly longer life compared with the results for R=0 in Fig. 2 was considered to be that if of identical stress ranges, the maximum stress for R= -1 is one half of that for R = 0, due to which the zone in which a fatigue crack can propagate is broadened (see Fig. 4 ).
CONCLUSIONS
Experimental studies were made of initiation and propagation properties of fatigue cracks in manually welded 45-degree single-bevel groove partial penetration longitudinal-bead joints, and the principal results obtained were the following:
(1) In all the specimens the penetration of weld metal into grooves was insufficient, and tunnel-like unfused portions remain over the entire lengths of the welds. Fatigue cracks are initiated from locations where configuration changes at bottom surfaces of welds. In almost all of the specimens, fatigue cracks were initiated from a plural number of places including stop and restart locations.
(2) In the greater part of the specimens subjected to beach mark tests, fatigue cracks were formed from bottom surfaces of weld metal at extremely early stages of the lives. Consequently, almost no length of life before initiation of fatigue cracking can be expected.
At joints of good configurations of the bottom surfaces of weld metal, fatigue cracks were formed from machining defects of root faces, in which cases certain extents of stress repetitions were required until initiation of fatigue cracks.
(3) The relationship between testing stress range and the number of cycles required to failure in beach mark tests coincides roughly with the S-N1 curve obtained from constant stress range tests. Accordingly, it is surmised that in most of the specimens on which constant stress range fatigue tests were performed, fatigue cracks were initiated at extremely early stages of stress repetitions.
(4) Fatigue cracks produced at roots are propagated while becoming circular. With largesized specimens, fatigue cracks appear at specimen surfaces on elapse of 90% or more of the failure life, and approximately 50% of the failure life is spent for the fatigue crack to propagate to diameter of about 3 mm.
(5) The relationship between stress intensity factor (4K) and fatigue crack propagation velocity (da/dn) obtained from the configurations and spacings of beach marks is close to the existing 4K-da/dn relationship.
The influence of stress ratio (R) on the 4K-da/dn relationship is not recognized. These trends are all thought to be due to the influences of residual stresses.
(6) Constant stress range fatigue tests of 
